The formation of mature synaptic connections involves the targeted transport and aggregation of synaptic vesicles, the gathering of presynaptic release sites and the clustering of postsynaptic neurotransmitter receptors and ion channels. Positional cues are required to orient the cytoskeleton in the direction of neuronal outgrowth, and also to direct the juxtaposition of synaptic protein complexes at the pre-and postsynaptic membranes. Both anterograde and retrograde factors are thought to contribute positional information during synaptic differentiation, and recent studies in vertebrates and invertebrates have begun to uncover a new role in this process for proteins that are essential for pattern formation in the early embryo.
Cells use distinct mechanisms for transmitting information to their neighbours, depending on their tissue type and environment. This intercellular communication is vital during the early stages of development, when nascent cells acquire their identities to organize the body plan, and later as mature cells work together to maintain function and lifestyle. Not surprisingly, disruption of intercellular communication leads to various diseases, ranging from cancer to mental retardation, so understanding the fundamental nature of cell-talk remains one of the most important areas of biology.
In the nervous system, the elemental means of communication between cells is synaptic transmission. Chemical synapses are asymmetrical cellular junctions that are involved in the directional transmission of electrical signals. Essential to the high speed and efficiency at which neurons communicate is the exquisite molecular organization of the pre-and postsynaptic apparatus. In the presynaptic compartment, neurotransmitter-laden vesicles are poised at ACTIVE ZONES, ready for immediate release, and the calcium channels that are required to trigger exocytosis are spatially linked to the secretory machinery. At the postsynaptic membrane, neurotransmitter receptors form highdensity clusters that are directly apposed to the active zones. The proper development and functioning of synaptic junctions requires positional information, which coordinates the correct placement of pre-and postsynaptic elements.
Once synapses are formed, the strengthening and weakening of synaptic connections is believed to be central to the processes of learning and memory, and also to the regeneration of synaptic connectivity after a traumatic injury. This synaptic plasticity also depends on communication between pre-and postsynaptic compartments 1 , and it includes both anterograde and retrograde signals. The existence of a retrograde signal has been postulated to account for the adjustment of presynaptic outputs that result from changes in postsynaptic responses. For example, at the fly neuromuscular junction (NMJ), decreased muscle responses to neuronal stimuli can be brought about by manipulation of glutamate receptor (GluR) levels, or by muscle expression of a functional Kir2.1 potassium channel, both of which result in an upregulation of presynaptic transmitter release [2] [3] [4] . Similarly, at mammalian central synapses, several types of retrograde signalling molecules have been described. These include membrane permeant factors, such as nitric oxide, secreted factors, such as neurotrophins and membrane bound proteins, such as neuroligin and neurexin. All of these retrograde
WNTS AND TGFβ IN SYNAPTOGENESIS: OLD FRIENDS SIGNALLING AT NEW PLACES
A families of molecules that, by interacting with their Eph receptors, mediate cell-contactdependent signalling, and are primarily involved in the generation and maintenance of patterns of cellular organization. They accomplish this goal by the control of repulsion at a boundary or gradient, or by upregulating cell adhesion.
TRANSCYTOSIS
Transport of macromolecules across a cell, consisting of endocytosis of a macromolecule at one side of a monolayer and exocytosis at the other side.
IMAGINAL DISC Single-cell layer epithelial structures of the Drosophila larva that give rise to wings, legs and other appendages.
formation between agrin-mutant hippocampal neurons is normal in cell culture, whereas another study by Ferreira et al. 14 indicated that these synapses disappeared if the cultures were maintained for a longer period. Moreover, the latter study showed that ANTISENSE Agrin constructs reduced the number of synapses between cultured hippocampal neurons in short-term cultures. These studies led the authors to conclude that Agrin has a role in synapse formation between hippocampal neurons, but that a compensating activity that is induced in agrin-mutant mice is sufficient to allow the mutant neurons to form synapses in culture, at least for a short period 14 . In this and another study of cultured hippocampal neurons, antisense knockdown of Agrin expression was shown to inhibit synaptogenesis and selectively disrupt GABA receptor clustering 14, 15 . Recent studies also show impaired sympathetic synapse formation in Agrin-deficient neural cultures, and fewer differentiated synapses were found in vivo in Agrin-deficient mice 16 . So, although secreted Agrin plays a pivotal role in neuromuscular synapse formation, its role in the formation of central synapses is still unresolved, implying that additional or alternative factors are required to signal the formation of glutamatergic, cholinergic, and GABA synapses. Many invertebrates, including the fly, use glutamate as a primary neuromuscular transmitter, and their synapses have tantalizing molecular similarities to vertebrate central glutamatergic synapses. However, an Agrin orthologue is not evident in the Drosophila genome. Recent evidence indicates that other sets of secreted molecules, such as EPHRINS 17 , Wnts [18] [19] [20] and members of the TGFβ family [21] [22] [23] , might have roles similar to Agrin in the development of glutamatergic synapses, in both vertebrates and invertebrates. For the remainder of this review, we will focus on the role of Wnts and TGFβ in synapse differentiation.
Positional cues for body axis formation
During early embryonic development, a number of secreted proteins and their receptors provide positional information that determines the polarity of body structures. One example of this process is the establishment of the segmental organization of insect embryos, where the secreted glycoprotein wingless (Wg) -a Drosophila Wnt protein -defines anterior-posterior polarity within a body segment. A small group of epithelial cells secretes Wg, and the combined processes of endocytosis and cell division, and perhaps also TRANSCYTOSIS, set up a gradient of Wg protein across every segment in the embryo. This process is repeated during the development of the IMAGINAL DISCS [24] [25] [26] [27] [28] . Dose-dependent sensitivity of cells to the Wg protein concentration initiates differential transcription of target genes, and disparate cell identities are established 29, 30 . Similarly, during the development of the fly wing, orthogonal gradients of Wg and a member of the TGFβ family of secreted factors, Decapentaplegic (Dpp), determine the shape of the wing 31 . A variety of antagonists and feedback loops serve to inhibit or promote the action of these pathways 32, 33 . In addition, a dynamic signalling molecules modulate the presynaptic release machinery and the cycling of vesicles, and they also trigger other presynaptic cytosolic signals 5 . Although several retrograde and anterograde mechanisms have been implicated in the coordinated development of pre-and postsynaptic features, there are still significant gaps in our understanding of these processes. Recent studies, using both mammalian central synapses and the glutamatergic NMJ of Drosophila, have shed light on secreted signals that mediate anterograde and retrograde modulation of synapse development. In this review, we will focus on new evidence that implies that molecules such as Wnt and transforming growth factor-β (TGFβ), which are best known for providing positional information during morphogenesis, also have fundamental roles in promoting the differentiation of synapses. The Wnts and members of the TGFβ family are secreted by either pre-or postsynaptic cells, and they seem to provide crucial anterograde and retrograde signals that regulate the coordinated development of pre-and postsynaptic specializations.
Agrin at the neuromuscular synapse
At the vertebrate NMJ, the nerve-derived HEPARAN SULPHATE proteoglycan Agrin is secreted by the presynaptic terminal, and it has long been thought to provide an early signal to lay down the postsynaptic machinery 6 . In addition, studies of Agrin knockouts in cultured chick cervical ganglia have shown that preventing normal Agrin function also interferes with presynaptic development in vitro 7 . So, Agrin has been considered to be one of the secreted signals that coordinates the temporally and spatially synchronized development of pre-and postsynaptic structures. However, recent studies indicate that the postsynaptic machinery can be assembled in an Agrin-independent manner, and that Agrin seems to be necessary to maintain rather than to induce postsynaptic differentiation [8] [9] [10] . In addition, despite the unquestioned role of Agrin in promoting the development of the NMJ, its function in central synapses has remained unclear [11] [12] [13] . Its expression in the central nervous system (CNS) peaks at times that correlate with periods of synapse formation, as demonstrated both by in situ hybridization and immunocytochemistry. However, complications in the interpretation of these results arise from the fact that the antibodies that were used to study the distribution of Agrin in the CNS recognize both neural and nonneural forms of Agrin. Also, because mRNA is confined largely to the cell body, in situ hybridization studies do not allow one to assess the distribution of Agrin protein at synapses.
Agrin knockout mice die at birth, before the formation of most CNS synapses, so a thorough assessment of its role at central synapses is still lacking. Nevertheless, glutamatergic synapses are still observed in the CNS of Agrin-deficient mice 13 , and mutant hippocampal and cortical neurons still form glutamatergic and GABA (γ-aminobutyric acid) synapses in culture 12 .
Cell culture experiments have provided disparate results -Serpinskaya et al. 12 reported that synapse receptors. Indeed, it has recently been suggested that Fz1 is coupled via G o and G q to the canonical β-cateninlymphoid enhancer-binding factor/T-cell factor (Lef/Tcf) pathway, and that Fz2 is coupled to this pathway via G q and G t (REF. 37 ). Wnt signal transduction requires the intracellular regions of both LRPs and Fz, and LRP6 in Xenopus has been shown to bind directly to the extracellular domain of Fz, and also to the Wnts 38, 39 . In the absence of Wnt signalling, cytoplasmic β-catenin, or its Drosophila homologue Armadillo (Arm), is phosphorylated by casein kinase 1 and glycogen synthase kinase 3β (Gsk3β; Zeste-White/ Shaggy in Drosophila). β-Catenin is then ubiquitinated and subsequently degraded in the proteasome 40, 41 . This process requires the formation of a complex that includes the scaffolding protein Axin and the tumour suppressor protein Apc (adenomatous polyposis coli) 42 . By contrast, activation of the Wnt pathway leads to phosphorylation of Dishevelled (Dsh), which prevents β-catenin degradation 43 . Stabilized β-catenin is required for Lef/Tcf transcription factors to initiate transcription of Wnt-responsive genes. However, surprising new data have challenged the consensus view that the stabilized Arm protein enters the nucleus to form a transcription factor complex with Lef/Tcf. Instead, activation of Wg target genes might be required for either translocation or accumulation of Arm outside the nucleus 44 .
interplay exists between the two signalling cascades, and in some tissues Wg and Dpp have even been shown to exert effects that mutually antagonize each other's transcription 34 . So, positive and negative regulation of the Wg and Dpp pathways can act in concert to provide positional information in developing tissues.
In vertebrates, many of the same genes have been implicated in both pattern formation and oncogenesis. For example, the mouse Wg homologue, Wnt1, was first discovered as a tumour-causing proto-oncogene that is activated by the integration of viruses into mammary tissues 35 . Similarly, TGFβ family members control the development and homeostasis of most tissues in metazoan organisms, and mutations in this pathway cause various forms of cancer and developmental disorders 32, 36 . New evidence is emerging that factors such as Wg and Dpp not only define the body plan, but might also provide essential cues for the proper formation and positioning of synaptic specializations.
Many aspects of the transduction pathway that underlies Wnt signalling have been defined (FIG. 1) . The secreted Wnts bind to heparan sulfate proteoglycans, members of the low density lipoprotein (LDL) receptorrelated protein (LRP) family of co-receptors (Arrow in Drosophila), and to the membrane receptor presumably due to compensation by other Wnt family proteins. These studies provided the first indication that Wnt7a might serve as a retrograde secreted signal that promotes the maturation of the presynaptic cell.
The 56 . Throughout larval development, wild type motor neuron synapses are challenged by continuously growing target muscles. To maintain synaptic efficacy, the presynaptic arbor continually increases the number and size of synaptic boutons and the overall number of active zones. This process of new synapse formation during the postembryonic period has been referred to as presynaptic expansion or target-dependent new synapse formation, to distinguish it from embryonic synaptogenesis 20, 56 . A study by Packard et al. 20 has shown that at the NMJ, Wg is expressed by the presynaptic motor neurons, and it is secreted by the motor neuron terminals onto the muscle surface (FIG. 2) . It interacts with Drosophila Frizzled 2 (DFz2), which is enriched around synaptic boutons. Normally, Wg seems to be endocytosed by the postsynaptic muscles, as blocking endocytosis by genetic manipulation of the Drosophila DYNAMIN gene shibire (shi) led to postsynaptic accumulation of Wg.
To show that Wg could be secreted by synaptic terminals, we used tissue-specific enhancer sequences (through the use of the GAL4/UAS SYSTEM 57 ) to express Wg selectively in either motor neurons or muscles. Motor neuron Wg expression resulted in accumulation of postsynaptic Wg protein, whereas muscle Wg expression did not. In addition, expression of green fluorescent protein (GFP)-tagged Wg using the Wg promoter (which drives expression in neurons but not muscle) resulted in a GFP signal at postsynaptic sites. The idea that Wg is secreted by synaptic terminals, and that it serves as an anterograde signal, was supported by rescue experiments showing that mutant phenotypes elicited by blocking Wg secretion (see below) are rescued by presynaptic, but not by postsynaptic transgenic Wg expression.
By using a temperature sensitive wg mutation, we were able to 'freeze' synapse differentiation. In particular, blocking Wg secretion severely reduced targetdependent formation of new synapses in the larva (FIG. 3) . Moreover, the micro-architecture of the localization of Wnt pathway activation also modulates microtubule dynamics and levels of cell adhesion. Apc, for example, stabilizes microtubules in vivo and in vitro, and might have a role in cell migration 45, 46 . Wnt7a signalling has been proposed to affect the stability of axonal microtubules during neuronal development by causing a decrease in the level of phosphorylated microtubule-associated protein 1b (Map1b) 47 . Also, microarray analysis indicates that the gene for NrCAM (neuronal cell adhesion molecule) is one of the genes that is most extensively induced by β-or γ-catenins in a carcinoma cell line 48 . TGFβ and related factors regulate gene expression by bringing together two types of receptor serine/threonine kinases -type I and type II receptors (FIG. 1) 
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. Receptors I and II dimerize by TGFβ co-binding, resulting in phosphorylation and activation of the intracellular kinase domain of the type I receptor. Downstream targets for type I kinases are the so-called receptor regulated Smads -R-Smad; sma genes in Caenorhabditis elegans and mad (mothers against dpp) genes in Drosophila 50, 51 . Once phosphorylated, R-Smads associate with co-Smads (for example, Smad4), and translocate into the nucleus, where they activate transcription 49 . A scan of the completed Drosophila genome sequence reveals the presence of seven TGFβ-type ligands, three type I receptorsThickveins (Tkv), Saxaphone (Sax) and Baboon (Babo) -two type II receptors -Punt (Put) and Wishful thinking (Wit) -two R-Smads (Mads), one common Smad -Medea (Med) -and one inhibitory SmadDaughters against Dpp (Dad) 52 . In addition to their roles during embryonic development, TGFβ superfamily members, which include the bone morphogenetic proteins (BMPs), and their cognate receptors, have been shown to be widely expressed in developing and mature vertebrate nervous systems, and they have a variety of roles in nervous system development [53] [54] [55] .
Wnts induce synaptic differentiation
Recent studies in the mammalian nervous system have shown for the first time that members of the Wnt family might work as signalling factors that induce presynaptic differentiation in the CNS 18, 19 . In the developing cerebellum, multi-synaptic glomerular rosettes are formed as mossy fibre growth cones establish synaptic interactions with postsynaptic granule cell neurons (GCs). Hall et al. showed that Wnt7a was expressed by GCs as they were contacted by mossy fibres, and that Wnt7a induced axonal remodelling, which was crucial for the formation of glomerular rosettes 18 . Moreover, in cultures of mossy fibres, Wnt7a induced synapsin I clustering in a Gsk3β-dependent manner. By contrast, wnt7a mutants displayed a delayed accumulation of synapsin I staining. Taken together, these results indicated that Wnt7a influences the development of presynaptic mossy fibres in vivo. Wnt7a was also found to enhance growth cone complexity and to promote microtubule dynamics in culture, and these effects were antagonized by a soluble Wnt inhibitor, secreted Frizzled-related protein (sFrp1). Most remarkably, wnt7a mutant mice displayed a delayed maturation of glomerular rosettes, but this effect was only transient, DYNAMIN A GTPase that takes part in endocytosis. It seems to be involved in severing the connection between the nascent vesicle and the donor membrane.
GAL4/UAS SYSTEM
A genetic system for controlling the induction of gene expression. An activator line that expresses the yeast transcriptional activator GAL4 gene under the control of the heat-shock 70 promoter (hsp70) or a tissue-specific promoter is crossed to an effector line that carries the DNA-binding motif of Gal4 (UAS) fused to the gene of interest. As a result, the progeny of this cross expresses the gene of interest in an activator-specific manner. is required in the presynaptic cell for secretion, it signals the differentiation of both pre-and postsynaptic surfaces.
In mammals, the Wnt pathway has been implicated in the reorganization of the cytoskeleton during axonal growth and growth-cone extension by inhibiting the kinase Gsk3β (REFS 18, 47) . At the fly NMJ, Gsk3β was found to be enriched in presynaptic arborizations, and examination of the NMJ revealed that a higher proportion of boutons in the mutants contained unbundled microtubule filaments (FIG. 3e) . This result indicated that although wg mutants displayed arrested NMJ expansion, the cytoskeleton remained in the type of destabilized state that has been correlated with periods of outgrowth 60 . Remarkably, at the ultrastructural level, boutons that developed in the absence of Wg function completely lacked presynaptic densities (FIG. 2b,c) . These boutons were also devoid of mitochondria, but they contained large numbers of synaptic vesicles. Postsynaptic specializations, in particular the subsynaptic reticulum (SSR), were also missing. In boutons that developed under partial Wg function, presynaptic densities and SSR developed, but their morphology was markedly abnormal. These studies indicate that in the fly, Wg is required for synapse maturation as well as for the coordinated development of pre-and postsynaptic structures. In contrast to vertebrates, however, the evidence supports a role for Wg as an anterograde signalling factor. Whether this difference represents an evolutionary change in signalling direction, or whether different Wnts in vertebrate and invertebrate species might have specific directionality in their signalling, will need to be resolved by a systematic study of members of this family.
TGFβs in synapse development
Recent studies also indicate that the TGFβ signal transduction pathway forms part of a feedback mechanism during synapse formation at the Drosophila NMJ. In these studies, REVERSE and FORWARD GENETIC approaches were used to show that mutations of the BMP type II receptor gene wit also inhibited target-dependent synapse formation in the larva 21, 22 . This defect could be rescued by presynaptic expression of a wit transgene, implying a presynaptic requirement for this BMP type II receptor.
Consistent with their smaller bouton numbers, wit mutants show defects in neurotransmitter release at the NMJ. In addition, the synaptic levels of Fas2 were decreased in the mutants. At the ultrastructural level, wit mutants, like the wg mutants, contained aberrant pre-and postsynaptic membrane appositions and defective active zones, although unlike in the wg mutants, active zones were still present (FIG. 3f) . So, wg and wit mutants share a number of abnormal phenotypes, including their decreased ability to signal new synaptic bouton formation and proper development of active zones. However, the postsynaptic SSR is normal in wit mutants, in striking contrast to wg mutants. The ability of wit mutants to cluster endogenous GluRs has not been thoroughly assayed -although the clustering of proteins such as GluR and Discs large (Dlg), a scaffolding protein of the PSD95 family, was disrupted in the mutants. GluRs at the NMJ are clustered in 'hot spots' around synaptic boutons, directly apposed to active zones 2 . In wg mutants, GluRs were usually still localized to the periphery of synaptic boutons, but their organization into hot spots was lost (FIG. 3e) . Similarly, aberrant distribution of Dlg, which is required for the synaptic aggregation of two synaptic proteins, SHAKER Spinster (Spin), a transmembrane protein that is associated with late endosomal compartments 23 . Mutations in spin result in over-elaboration of synaptic terminals, but these effects are antagonized by mutations in wit, tkv, or sax. Moreover, enhancement of TGFβ signalling using mutations in an inhibitory Smad (dad) 61, 62 was sufficient to phenocopy the spin phenotype with respect to bouton number. Although the corresponding BMP ligand has an epitope-tagged transgene seemed normal -so a comprehensive analysis of the distribution of pre-and postsynaptic proteins will be required to fully assess the extent to which both genes are required to organize similar subsets of synaptic proteins.
The function of Wit, as well as of other members of the TGFβ family that are involved in synapse formation -in particular, Tkv and Sax -seems to be regulated by Recent observations at the Drosophila NMJ demonstrate crucial roles for the Wnt and transforming growth factor-β (TGFβ) signal transduction pathways in these processes [20] [21] [22] . e | In the absence of Wingless (Wg) function, fewer synapses form, and those that do form fail to develop pre-and postsynaptic densities, T-bars and postsynaptic SSR. The presynaptic cytoskeletal network appears to be destabilized, and postsynaptic glutamate receptors (GluR) are not correctly localized. f | wit mutant synapses have normal SSR and apparently normal GluR localization. However, they have presynaptic defects such as an increase in the number of T-bars per presynaptic density, abnormal apposition of pre-and postsynaptic densities, and an abnormal appearance of presynaptic T-bars. These studies indicate a presynaptic role for the TGFβ type II receptor, Wit, which functions as a part of a retrograde signalling mechanism to adjust the size of the presynaptic arborization to the postsynaptic muscle size. By contrast, Wg is secreted by presynaptic boutons, and seems to function in an anterograde fashion to control the correct positioning of active zones and postsynaptic SSR, as well as bouton number. Together, they coordinate synapse development by regulating bouton budding, cytoskeletal stability, number of functional active zones, folding of the postsynaptic muscle membrane, and levels of pre-and postsynaptic molecules, including GluRs and cell adhesion molecules. DFz2, Drosophila Frizzled 2; Spin, Spinster.
The studies reviewed here reveal an important and previously uncharacterized role for well-known early developmental genes in synapse differentiation and plasticity. Although synapse dynamics have been extensively studied, some of the key signals that initiate and control them have remained elusive. It was not initially intuitive that pattern-forming molecules such as Wnts and TGFβ could have such a central role at the synapse. However, their identification at the synapse and the subsequent cell biological and genetic analysis of their function opens up new avenues by which one could understand synaptic cross-talk.
The mechanisms by which Wnt and TGFβ control the transmission of messages across the synapse are not yet fully understood, but potentially they could function by altering the number or localization of receptors, or by regulating receptor-ligand complex turnover. Multiple modes of inhibiting the classical Wnt and TGFβ signalling pathways have been demonstrated in a variety of cell types, and it remains to be seen what role these feedback mechanisms might have in synapse development and function. Further analysis of the transduction pathways that are initiated by Wnts and TGFβ-like ligands could shed light on these issues. Particularly intriguing, for example, is the question of whether some of the signalling mechanisms that are mediated by Wnts and TGFβ at synapses involve the regulation of gene expression -as they do in early pattern formation. These emerging roles for Wnt and TGFβ will usher in a new level of investigation into the molecular mechanisms of synaptic plasticity. not yet been identified, these studies indicate that Wit acts as a receptor for a retrograde signal that is required to coordinate the changes in the muscle with synaptic bouton formation. As discussed above, in the developing fly, Wnts and BMPs form orthogonal gradients that define the shape of the wing 31 . An interesting speculation is that, similar to embryo and imaginal tissue development, Wg and Dpp (or other TGFβ members) signal in opposite directions at synapses to specify the correct location of pre-and postsynaptic structures.
Evidence for an involvement of TGFβ family members in synapse development and plasticity has also been provided by studies of the marine mollusc Aplysia 63, 64 . During long-term sensitization of the gill-and siphonwithdrawal reflex in this organism, LONG-TERM FACILITATION (LTF) results in the formation of new synaptic connections. When similar sensory and motor neuron connections are reconstituted in culture, LTF and the corresponding increase in synaptic contacts can be mimicked by repeated puffs of serotonin. New synapse formation that is induced by LTF is associated with a downregulation of the cell adhesion molecule apCAM, and activation of a cyclic AMP cascade that rapidly affects synaptic current and later influences gene expression [65] [66] [67] . Interestingly, levels of a TGFβ mRNA, Tbl1, increase in sensory neurons after induction of LTF 68 , and application of a recombinant human TGFβ homologue, TGFβ1, strengthens the sensory-motor neuron synaptic connections, whereas a TGFβ receptor antagonist blocks this effect 64 . Recent experiments show that, like serotonin, TGFβ1 stimulates acute changes, such as phosphorylation and subsequent redistribution of synapsin 69 .
LONG-TERM FACILITATION (LTF)
. A lasting increase in the strength of synapses between sensory and motor neurons in Aplysia. LTF is the cellular mechanism that underlies nonassociative learning and memory. LTF results largely from presynaptic changes. It is similar to the LTP of the hippocampal mossy fibre pathway, but differs from LTP in other regions of the hippocampus, which are associative.
